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Photocapacitance and excitation photocapacitance methods were applied to reveal the dislocation-induced
deep levels in coalescent epitaxial lateral overgrowth layers of InP. Point-contact Schottky barrier junctions
with small junction areas were formed on dislocated and dislocation-free regions by using wedge wire-bonding
of Au, and photocapacitance measurements were then carried out at 30 K. In the dislocation-free layers, the
dominant deep level was located at 1.30 eV below the conduction band, whereas in the dislocated area,
dominant deep levels were detected at 0.86 eV =1.44 m and 1.05 eV =1.18 m below the conduction
band. A neutralized state was also detected at 0.66 eV above the valence band. From the detailed excitation
photocapacitance results, it is shown that the defect configuration coordinate diagram of the dislocation-
induced deep levels was considered with large Frank-Condon shifts dFC of 0.28 eV. This means that the
atomic configurations around the deep levels are highly relaxed, as expected from the structures of the dislo-
cation cores.
DOI: 10.1103/PhysRevB.74.235210 PACS numbers: 71.55.Eq, 71.20.Nr
I. INTRODUCTION
Dislocation-related electronic states in semiconductors
have been investigated for a long time, even since the 1950s,
by means of experimental and theoretical methods1 due to
their importance in solid state physics and for potential ap-
plications in industry. Indeed, electroluminescence2 and
1.5 m-Si light-emitting diodes3 based on dislocation-
related states have already been proposed.
It has been reported that dislocations form deep levels and
shallow levels in semiconductors4 depending on the atomic-
configurations of the dislocation-core dangling bonds, the re-
constructions of the defect configurations, and the strains
around the dislocations. However, it is sometimes not easy to
show that the detected electronic states really originate from
the dislocations themselves.
The usual method for investigating dislocation-related
states is the introduction of dislocations by plastic deforma-
tion at high temperature, followed by deep-level transient
spectroscopy DLTS,5–7 photoluminescence PL,8 and elec-
tron spin resonance ESR,9 etc., being applied. Misfit
dislocation-related deep levels have also been reported for
some semiconductor heterostructure systems.10
The effects of impurity segregation at the dislocation core
are also under discussion.11 This is the so-called Cottrell
atmosphere,12 in which impurities are segregated around the
dislocation core in order to compensate lattice strain. In ad-
dition, PL emissions from point defect clusters at the dislo-
cation core have been also reported.13 Based on this effect,
the intrinsic gettering technique14 is used for the improve-
ment of electronic device performance. From these phenom-
ena, it is not easy to gain evidence for a one-to-one corre-
spondence for dislocations with respect to the detected deep
levels.
On the other hand, investigations of gap states have been
performed on the nanometer scale by surface tunneling spec-
troscopy STS.15 STS is one of the most promising tech-
niques because individual dislocation cores can be identified
on an atomic scale. However, it should be noted that the
structure of the surface is usually reconstructed, and thus the
defect structure on the surface may be different from that of
the bulk state.
In this paper, the dislocations are introduced by the coa-
lescence of dislocation-free epitaxial lateral overgrowth
ELO layers of InP. It is known that the ELO technique has
been applied to silicon-on-insulator SOI structures,16 and it
has also been successfully applied to GaN-based blue
lasers.17 The structures of the dislocation networks in the
coalescent regions have been investigated18 by cross-
sectional TEM and their effects on the luminescence proper-
ties have been reported.19 It has also been reported that
dislocation-free ELO layers can be grown epitaxially by us-
ing an L-shaped open seed region,20 which is an analogy for
the kink-step structure on the macroscale. Dislocations were
introduced selectively only at the coalescent region of two
dislocation-free ELO layers. Then, a small-area Schottky
barrier SB junction was formed by Au wire bonding at the
dislocations, after which photocapacitance measurements
were performed to detect only the dislocation-induced deep
levels. The dislocated and dislocation-free ELO layers were
grown on the same substrate in the same epitaxial growth
run, and thus run-to-run fluctuations in growth conditions
can be safely ignored in the present experiments. The photo-
capacitance results between dislocation-free and dislocated
ELO layers were then compared, and the defect configura-
tion coordinate diagram is discussed based on the excitation
photocapacitance results.
II. EXPERIMENT
ELO was performed on Si-doped n+-InP substrates with
the 001 orientation by liquid phase epitaxy LPE at con-
stant growth temperature. Prior to LPE growth, SiN layers of
100–200 nm thickness were deposited on the substrates by
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remote-plasma chemical vapor deposition CVD at 220 °C.
L-shaped patterns of 30 m width and 300–500 m length
were formed on the SiN/InP by using conventional photoli-
thography and wet etching processes.
Prior to epitaxy, the substrates were degreased and lightly
etched by about 50 nm using an H2SO4-based solution. LPE
growth was carried out by the temperature difference method
under controlled vapor pressure TDM-CVP in a Pd-
diffused H2 atmosphere. A temperature difference was in-
duced in the solution, and thus the epitaxial growth pro-
ceeded at constant substrate temperature of 650 °C. The
thickness of the epitaxial ELO layer was about 20 m. A
detailed description of LPE by TDM-CVP can be referred to
elsewhere.21 After epitaxial growth, the etch pit distribution
on the ELO layers was determined by defect-etching using
Huber etchant.22
After LPE growth, triangular-shaped ELO layers were
formed from the “L”-shaped open seed region. It was shown
that the surface of the ELO layers was atomically flat under
the present growth conditions. The Huber etchant revealed
no dislocations in the L-shaped ELO layers, implying that it
is free of dislocations.
When two facing “L”-shaped open seed regions were
used, square-shaped ELO layers were formed. It was shown
that a high density of dislocations was introduced at the coa-
lescent region between the two L-shaped ELO layers.
The dislocation-free L-shaped ELO layers and the dislo-
cated coalescent ELO layers were grown epitaxially on same
n+-InP substrates in the same growth run. Thus, run-to-run
fluctuations in growth conditions can be safely ignored.
The ELO layer exhibited n-type conductivity, with a car-
rier concentration of about 1016 cm−3 at RT. Therefore, the
residual impurity concentration is reasonably low.
Temperature-dependent Hall effect measurements were used
to determine the activation energy of donor states, which was
found to be about 5 meV. Secondary-ion-mass spectroscopy
SIMS measurements also failed to reveal any traces of
metal contamination in the layers.
In order to evaluate the deep levels, small-area SB junc-
tions were formed on the dislocation-free and dislocated re-
gions of the ELO layers by using the wedge wire bonding of
Au, after which photocapacitance and excitation photoca-
pacitance measurements were performed at 30 K. Details of
the photocapacitance equipment and the measurement sys-
FIG. 1. Color online Microphotograph of a point-contact SB junction formed on a dislocation-free ELO layer and the corresponding
schematic cross-sectional structure.
FIG. 2. Color online Microphotograph of a point-contact SB junction formed on a specific dislocated region, where the two dislocation-
free ELO layers coalescence and the corresponding schematic cross-sectional structure.
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tem will be referred to elsewhere.23 The detailed emission
and capture characteristics were investigated by the excita-
tion photocapacitance measurements, and this is also referred
to elsewhere.24 Excitation photocapacitance measurements
were carried out at 30 K. Sample diodes were forward-
biased in the dark to neutralize every deep level. Then the
primary excitation monochromatic light h1 is illuminated
into the depletion layer and then the ion density photocapaci-
tance spectrum was measured from the long wavelength
h2. When the ion density shows its saturating value, the
charge state of the level changes from its neutral state to the
ionized state. Thus, the successive long wavelength light
h2 detected the optical transition from valence band VB
to the ionized state.
The arrival at saturating ion density by the primary exci-
tation light h1 illumination was automatically detected by
our photocapacitance measurement system through the in
situ derivative calculations of the photocapacitance signal.
And, the steady state ion density by the h2 illumination is
also obtained automatically when the photocapacitance sig-
nal is well stabilized. The energy interval of primary excita-
tion light h1 is 20 meV, and that for ion density photoca-
pacitance spectra measurements h2 is 10 meV. Resolution
of the excitation light source fed from the monochromator is
well below 1 meV in this spectral region. In the photocapaci-
tance spectra, the means of identification of the levels is to
find the steepest increase in the capacitance at a given photon
energy.
III. RESULTS AND DISCUSSIONS
Figures 1 and 2 show the sample configurations of the
Au-wire bonded ELO layers and corresponding schematic
drawings of the cross-sectional structures. In Fig. 1, a point-
contact SB junction was formed on the dislocation-free ELO
layer, where Huber etching does not reveal any dislocation
etch pits. Figure 2 shows a point-contact SB junction formed
on a specific dislocated region, where the two dislocation-
free ELO layers coalescence.
Figures 3 and 4 show the 30 K-photocapacitance spectra
of LPE-grown InP layers with a dislocation-free ELO layer
and a dislocated small-area SB junction at the coalescent
region of two L-shaped open seeds, respectively. In the insets
of the figures, the corresponding optical transitions are
shown as simple flat-band diagrams.
It is shown that the only dominant deep level is located at
almost Ec 1.30 eV in the dislocation-free ELO layer with a
deep-level density of C /CNT=510−2. On the other
hand, it is also clearly shown that additional dominant deep
levels can be detected at Ec 0.86 eV and 1.05 eV when the
deep-level densities are C /CNT=1 and 4, 5, respec-
tively. In addition, the neutralized gap state is also detected at
0.66 eV+Ev when C /CNT=0.5. Table I summarizes the
deep levels detected in the dislocated and dislocation-free
small-area SB junctions by the present photocapacitance
measurements. When the photocapacitance results from the
dislocation-free SB junction were compared with those of
dislocated SB junctions, it is considered that the dislocations
induced the electronic deep states that occur at Ec 0.86 eV
and 1.05 eV.
In order to clarify the detailed optical transition mecha-
nisms of the dislocation-induced deep levels, 30 K-excitation
photocapacitance measurements were applied to a dislocated
small-area SB junction that was formed on the coalescent
TABLE I. Deep levels in dislocation-free and dislocated ELO InP.
Dislocation-free ELO
C /C
NT
Dislocated ELO
Coalescent L-shaped open seeds
C /C
NT
Ionization Ec 1.30 eV 510−2 Ec 0.86 eV 1
Ec 1.05 eV 110−2 Ec 1.05 eV 4.5
Neutralization 0.66 eV+Ev 0.5
FIG. 3. Color online 30 K-photocapacitance spectra of LPE-
grown InP layers with a dislocation-free ELO layer and the corre-
sponding optical transitions shown by simple flat-band diagrams.
FIG. 4. Color online 30 K-photocapacitance spectra of LPE-
grown InP layers with a dislocated small-area SB junction at the
coalescent region formed by the two dislocation-free ELO layers
and the corresponding optical transitions as a simple flat-band
diagram.
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region formed by two L-shaped dislocation-free ELO layers.
The primary excitation monochromatic light was irradiated
from 0.5 to 1.40 eV with an interval of 20 meV, and then the
change in junction capacitance was measured in the spectral
range between 0.5–1.3 eV with an interval of 10 meV. Fig-
ure 5 shows a typical excitation photocapacitance spectrum
when 1.30 eV primary excitation light was irradiated. It is
shown that the neutralization of an ionized deep level, which
was ionized by the primary excitation light, was detected at
0.68 eV, which means that the neutralized level is located at
0.68 eV+Ev. This 0.68 eV+Ev neutralized level was de-
tected just after the 1.30 eV primary excitation light was
irradiated. From this result, it is considered that the defect
configuration coordinate diagram is as shown in Fig. 6, and
the Frank-Condon shift value dFC of the dislocation-related
deep level was determined to be 0.28 eV. This result coin-
cides well with the photocapacitance spectrum shown in Fig.
4, because if dFC=0.28 eV, it is expected that the indirect
excitation photon energy for the 1.30 eV level will be
1.02 eV, which is very similar to the ionization energy of Ec
1.05 eV that appeared in Fig. 4.
As shown in the above results, it is noticed that the
dislocation-induced deep level has exhibited a large Frank-
Condon shift, which reflects the strained atomic configura-
tion around the defect level. One of the well-known deep
levels with a large value of dFC is the so-called “DX center”
in AlGaAs.25 The DX center in AlGaAs shows a large dFC of
about 1.0 eV. It has been reported that the defect structure of
the DX center is the donor-Ga vacancy complex, with a large
lattice strain around the defect. Actually, precise x-ray dif-
fraction measurements revealed a large lattice strain corre-
sponding to the ionization of the DX center by monochro-
matic light irradiation.26 The DX center has also been
reported in other compound semiconductor systems such as
GaAlSb.27
The EL2 level in GaAs is also a well-investigated deep
level with a large dFC of 0.12 eV. This dFC value is consistent
with the reported results from Yu’s early PL work28 and our
recent excitation photocapacitance results.24 Whereas the
EL2 defect is closely related with an excess arsenic compo-
sition in GaAs, the detailed configuration of the defect is still
under discussion. Since the early simple model of an isolated
arsenic antisite defect AsGa was proposed, numerous defect
models that include the AsGa defect complex29 have been
presented both experimentally and theoretically. The strain
effect around the EL2 defect is also reported on the basis of
light-induced changes in the defect structure.30 Indeed, it has
been reported that the full width at half-maximum FWHM
values of precise x-ray rocking curves and the lattice con-
stant were changed due to ionization and photoquenching at
low temperature.31 However, many reports have been carried
out covering low-temperature-grown LT GaAs, in which
the AsGa concentration is extremely high; in the order of
1020 cm−3. The EL2 concentration in semi-insulating SI
GaAs is about 21016 cm−3, and thus it is noticed that the
defect structure in LT-GaAs and SI GaAs will not be exactly
the same. Other examples of defect deep-levels with large
dFC are the 1 MeV electron-irradiation induced defects i
p-InGaP Ref. 32 neutron-irradiated GaN Ref. 33 and the
stoichiometry-dependent deep levels in GaAs,34 respectively.
These deep levels with large dFC values are accompanied
by a large lattice strain around the defects, and the defect
structure is not a simple substitution of defects or impurities,
but a complex aggregation of a few defects. Indeed, a very
small dFC in the order of 10 meV was reported for the
almost-complete substitution of impurities in the matrix
lattice.35 Thus, it is considered that the present dislocation-
related deep level with a large dFC is due to the large lattice
strain at the dislocation core.
When dislocation-related deep levels are discussed, the
effects of impurities are crucial. As is well known for the
Cottrell atmosphere,12 impurities in the solid have a tendency
to aggregate around dislocations to compensate the lattice
strain around the dislocations. The technique known as “in-
trinsic gettering technology36” is based on this phenomenon,
FIG. 5. Typical excitation photocapacitance spectrum when
1.30 eV primary excitation light was irradiated, after which mono-
chromatic light is irradiated from the long wavelength in order to
detect the neutralization at 0.68 eV above the valence band.
FIG. 6. Configuration coordinate diagram for the dislocation-
induced deep level deduced from the excitation photocapacitance
results.
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and is designed to improve device performance by the get-
tering of heavy metal impurities from the electron channels
in silicon metal-oxide-semiconductor MOS devices. In-
deed, the effects of the aggregation of impurities on
dislocation-related deep levels have already been reported.37
In terms of the effects of impurities on the present
dislocation-related deep levels, it is noticed that conductivity
type is n-type and that the residual impurity concentration is
about 31016 cm−3 with a donor activation energy of about
5 meV. The chemical species that form the residual impuri-
ties have not been clarified. The obtained donor activation
energy is very similar to that of the Rydberg binding energy
ERyb=7.31 meV, which is calculated from the effective
mass approximation mn=0.073m0, s=12.560. When the
transition metals or heavy metals such as Cu, Mn, Fe, and Cr
are incorporated into InP, these impurities usually act as a
deep acceptor, and thus the conductivity type will show as
p-type. In addition, the activation energy of these impurities
is large compared with those of shallow levels. SIMS was
applied to the present ELO layers. The positive and negative
SIMS analyses also fail to reveal any trace of heavy impurity
contamination, such as Fe and Cu. From these results, the
present specimens are free from serious contamination from
impurities.
IV. CONCLUSIONS
In summary, the 30 K-photocapacitance measurements re-
vealed the presence of dislocation-related deep levels in ELO
layers of InP prepared by high purity liquid phase epitaxy.
When the photocapacitance spectra were compared with
those of dislocation-free ELO layers, which were also grown
epitaxially at the same time and on the same substrate, it is
considered that the dislocations form deep donor levels at
0.86 and 1.05 eV below the conduction band. The excitation
photocapacitance results show the detailed emission and cap-
ture optical transitions, and it is shown that the dislocation-
related deep level is followed by a large Frank-Condon shift
dFC of 0.28 eV, and thus large lattice relaxation around the
defects should be considered.
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